Sixteen rice genotypes comprising established cultivars, recent releases and breeding lines were established in the greenhouse under different moisture levels, obtained from a combination of the amount and number of times of moisture application, to study genotype-by-environment interaction (GEI) for root volume (RV), and also probe into the level of moisture imposition, that would be adequate for screening of genotypes for response to soil moisture stress. Across the simulated environments, WAB 880-9-32-1-1-12-HB had the largest root volume of 8.71 cm 3 , whereas ITA 257 had the lowest (4.89 cm 3 ). Genotype (G) accounted for significant (P < 0.001) 10.6%, environment (E) (P < 0.001) captured 79.0%, and GEI (P < 0.001) 10.4% of the total sum of squares. The GGE biplot captured 82% of the G+GE and clustered the environments into two groups, with OS 6 being the best for RV in the rainfed environment (E10). WAB 880-9-32-1-1-12-HB recorded the best RV under environments with adequate to limited moisture, but was less stable, and recorded grain production (13.5 g/plant) close to the best mean of 16.0g/plant by ITA 150 and 14.1 g/plant by IRAT 170. Environments were generally positively correlated with vegetative and yield traits, but E2 (100% moisture requirement applied once in two weeks) was more representative of the screening condition while E10 (rainfed) was highly discriminating, and would be appropriate for discarding genotypes with poor RV. Overall, E1, E2, E4 and E7 were identified as moisture conditions that are appropriate for selection of genotypes for general adaptation for RV within the overall goal of developing drought tolerant rice.
Introduction
Rooting and related traits in rice have received some amount of attention in the development of drought tolerant genotypes of rice. The importance of root magnitude and spread. Some of the traits specific to the upland ecology include earliness, tallness to compete favourably with weeds, resistance to blast, insects and lodging, good tillering erect leaf angle, compact and well exserted panicles. Obviously, rice populations are in a constant flux in terms of their genetic traits and their adaptations, especially to water-limited environments.
An assessment of genotype and cultivation (test) environment is one of the features of genotype-by-environment analysis of root traits using the biplot method (Gauch, 2006; Yan et al., 2000; 2007) . The method has proved useful in grouping environments and eliminating redundant ones. The range of moisture stress encountered on the field and the cumulative effect of the adequate-inadequate moisture flux on root volume, as a function of the plant ability to survive drought, require investigation by using variable genotypes. The moisture difference is, however, a major contributor to the location effect on crop performance in the tropics. Kato et al. (2006) have affirmed that yield stability under variable soil moisture regimes represents a putative plant attribute for developing superior upland varieties. The aims of this research were to: 1) use disparity in water availability to rice genotypes to create different water-based 'environments' and examine the response of rice genotypes in terms of root volume differences under variable moisture conditions; 2) assess the stability of rice genotypes for root volume in ten moisture-based environments; 3) show the adaptability and heritability of rice genotypes in terms of root volume under ten moisture-based environments, and 4) select environments with the best discriminatory ability and representativeness for root volume of rice. Table 1 .
Materials and Methods

Sixteen
The study was conducted in the screenhouse of the College of Agricultural Sciences, Olabisi Onabanjo University, Ayetoro, which is located in a derived savannah ecology of South Western Nigeria (7°14'17''N 3°2'42''E). The location had a total rainfall of 654.8 mm, mean relative humidity of 78.7% and average temperature of 29.2 0 C over the four-month study duration (May-August, 2014). Three-week-old rice seedlings of the studied genotypes were transplanted in replicates onto black polythene bags, measuring 28 cm in diameter and 28 cm in depth, previously filled with 5 kg of loam top soil, obtained from the upland paddy. All plants had adequate moisture up to two weeks after transplanting. The moisture treatments were thereafter imposed following a factorial arrangement of three water regimes and three times of application, between maximum tillering and maturity, to generate moisture mediated 'environments' (E). The previous pilot study at the location over the similar period had revealed moisture requirements to average 1.6 l per plant per week between tillering and maximum tillering stage; 2.4 l per plant per week at panicle initiation stage, and 3.2 l per plant per week at grain filling stage. Moisture-based environments E1, E2, and E3 received the full amount of moisture for each stage, applied twice weekly, once weekly, and once in two weeks, respectively. Moisture-based environments E4, E5, and E6 received 75% moisture twice weekly, once weekly, and once in two weeks, respectively. E7, E8, and E9 received 50% moisture applied twice weekly, once weekly, and once in two weeks, respectively. A set of each genotype was exposed entirely to rainfall at the E10 making a total of ten treatments. The imposition of drought for the purpose of investigation of drought tolerance, with the differential amount of moisture, is consistent with the study by Kamoshita et al. (2008) . The pots were arranged following the randomised complete block design with three replications.
Data collection and analysis
Data collection on the vegetative traits and yield characters (grain weight per plant) was made as described by Anon (1988) . After harvesting, the remaining plant parts were recovered by carefully washing off the soil from the roots. The shoot and the roots were separated, and used to obtain root volume, measured as the volume of displaced water when soil-free root was inserted in distilled water. The mean values of root volume were subjected to a combined analysis of variance. Genotype-by-environment analysis was done with the SAS software (Version 9.2). The additive main effect and multiplicative interaction (AMMI) and genotype and genotype-by-environment (GGE) analyses were done with the GGE biplot software following the models described by Zobel et al. (1988) and Yan et al. (2000; 2007) . Table 2 showed descriptive statistics for root volume of rice for ten environments. , with a range of 7.9 cm 3 to 18.4 cm 3 . The lowest mean root volume of 1.9 cm 3 (with a range of 0.3-6.1 cm 3 ) was recorded in environment E9. Generally, a decline in root volume followed the gradient of a reduction in the volume of water and the times of application. This observation further confirms the injurious effect of within-season variation in moisture availability to rice plants, and necessitates the importance of developing varieties that can make the required adjustment such as to minimise the effect of such drought on grain yield. The decline also gives an indication of the large linear response of root volume to increasing or decreasing drought.
Results and Discussion
The coefficient of variation was generally low ranging from 6.4 for E10 to 23.76 for E9. The heritability estimates were high to very high in all environments, with the lowest of 0.794 for E3, and the highest of 0.977 for E10. By implication, the genotypes exhibited low variability in root volume within each of the environments, but the range of CV of 6.4 to 23.76 indicated large differences in root volume between environments, implying that differences in soil moisture conditions would influence genotypic selection for root volume. The minimal inconsistency in the heritability estimates along moisture gradients is an indication of genotype-environment and soil-moisture interactions in root volume expression. Table 3 shows the genotype means and coefficient of variation (CV) for root volume (RV) and grain weight per plant (GWPP) across all test environments. The root volume for genotypes ranged from 4.89 cm 3 for ITA 257 (G13) to 8.71 cm 3 for WAB-9-32-1-1-12-HB (G1). The genotype coefficient of variability for root volume was high to very high. Grain weight per plant (GWPP), however, had exceptionally high CV in the range from 63 for ITA 150 (G3) to 130 for ITA 321 (G9). ITA 150 also recorded the largest GWPP of 15.99 g followed by IRAT 170 (G15) with 14.09 g. The lowest GWPP (7.37 g) was obtained for WAB 224-8-HB (G7). Root volume and grain weight per plant were significantly (P <0.01) correlated (r = 0.789), showing the opportunity for increasing both simultaneously. The relatively higher CV for GWPP by genotypes across environments points to the possibility of further selection for root volume and grain output. The significant positive correlation of the two traits would be an added advantage. Although the ability to produce deeper and thicker roots for the extraction of soil solution is a desirable feature (Fukai and Cooper, 1995; Kondo et al., 2003) , the ability to scout for moisture with more soil-root contact, as mediated by higher root volume under challenging moisture conditions, would be quite important. Obviously, the genotype ability to scout for water, based on different root sizes and architectures (Wang et al., 2009) , is expressed here with the differences in root volume. Table 4 presents AMMI analysis of variance for root volume of upland rice genotypes under different moisture-based environments. Genotype (G), environment (E) and G × E components were highly significant (P < 0.001), each accounting for 10.6%, 79%, and 10.4%, respectively, of the total sum of squares. The IPCA1 captured more than 50% of the G × E, with the first three axes jointly harbouring 81.3% of the interaction. The genotype and genotype-by-environment interaction (G and G x E) were responsible for 21% of the differential root volume observed.
The response to the environment was expectedly large, and normally would mitigate an equally large linear response of genotypes. The differences in genotypic and environmental proportion of G × E interaction for root traits have been reported by Kondo et al. (2003) . The G × E was, however, considerable enough to necessitate a further analysis in order to identify genotypes that were both high performers and stable for root volume under different soil moisture conditions. The significant proportion of IPCA1 and IPCA2 to G × E interaction further alludes to the presence of both crossover and non-crossover interactions (Yan et al., 2007) , and suggests the need for growing rice genotypes in multiple environments, in order to provide adequate conditions for genotype selection for root volume. The additive main effect and multiplicative interaction (AMMI) biplot is shown in Figure 1 . WAB 880-9-32-1-1-12-HB (G1) had the largest root volume and also showed positive interaction with E1, E4 and E5. G8, G13 and G15 had below-average mean values for root volume and a positive interaction of these genotypes with any environment was absent. E10 recorded the highest root volume across all genotypes, and shared positive main effects and negative IPC1 with E2, interacting with G2, G6, G9, G12, G16 as the specifically adapted genotypes. The other genotypes had the below-average mean root volume, but positive IPC1 scores, and were favourites in poor moisture environments represented by E3, E6, E7, E8 and E9.
The AMMI biplot separated genotypes based on mean root volume and interaction with environment. Genotypes with positive IPCA1 are expected to improve as the cultivation environment becomes better, whilst those with negative IPCA1 would do otherwise (Zobel et al., 1988; Samonte et al., 2005) . Obviously, none of the genotypes had a good combination of larger and stable root volume, even though G1 appeared more acceptable, especially when the drought was not extreme, as depicted in environments E1, E5 and E4. The underlying necessity for a combination of good mean performance and stability for root volume is further made obvious.
The genotype and genotype × environment (GGE) biplot for root volume of sixteen rice genotypes in ten moisture-based environmentscaptured 82% of the GGE (Figure 2) , and classified the environments into two groups. An attempt to separate groups for analysis did not provide any meaningful gain in the genotype and environment classification; hence all environments were included in the analysis. In the group comprising all environments except E10, G1 was the superior genotype, whereas G6 and G9 were also in the sector. In environment E10, G12 was the best genotype regarding root volume, but with G8, G15 and G16 sharing this polygon sector. The genotypes in the sector, however, had low root volume, but G15, which had the lowest root volume, produced the second best grains after G1. Figure 2 . The genotype and genotype × environment (GGE) biplot for root volume of sixteen rice genotypes in ten moisture-based environments.
The G1 sector comprised environments with the highest to lowest amount of moisture, and those with the adequate to moderate amount of moisture (and by extension, moderate drought). Going by the underlying principle of the whichwins-where attribute of the GGE biplot (Yan et al., 2001; 2007) , G1 appeared to be capable of above-average rooting under these moisture conditions. The PC1 of the GGE correlated significantly (P < 0.01, data not shown) with fresh root weight (0.972), fresh shoot weight (0.629), total fresh weight (0.774), indicating that the root volume performance also translated to higher values for other rice plant traits. In addition, root volume was significantly positively correlated (P < 0.01) with all vegetative and yield traits, with the highest correlation of 0.990 observed with grain weight per plant, while the lowest correlation of 0.775 was found with spikelet fertility. Genotypes G1 and G6 produced fewer grains on the average, compared to G3, and would probably benefit from introgression of gene from G3 for higher grain output. G12, G16, G15 and G8 would give higher root volume under higher moisture conditions typical of E10.
The mean versus stability view of GGE for root volume is displayed in Figure  3 . Expectedly, G1 was identified as having the best root volume and was also less stable though better in this regard than most of the genotypes. G14 was the most stable but with below-average mean root volume compared to G1. The ranking of genotypes relative to G3, an established upland cultivar with a record of good grain yield (Figure 4) , and also an ideal genotype with both high mean performance and high stability across environments, confirms the above order of the genotypes in terms of mean performance. Only G14 was more stable than G1. Conversely, G12 was the most unstable, and thereby confirmed its inclusion in the E10 sector of the which-wins-where biplot. G1 had better stability compared to G3 and also better root volume. With introgression of traits for improved grain production, it may replace G3 in the ecology.
By these observations, questions may be raised as to the possibility of some compensatory relationship between root volume and grain yield (Nassir and Ariyo, 2006) . Although there was a significant positive relationship between root volume and grain yield indices in this study, the increased concentration of genes that consolidated the traits would further narrow the possible counteracting expression of the traits. Nonetheless, G1 and G14 merit further studies specifically for their use in developing varieties with a good combination of larger and stable root volume, on the one hand, and grain productivity on the other. The discriminating ability vs. representativeness for root volume of rice is exhibited in Figure 5 . The view allows the classification of the environments by their discriminating power, eliminating redundant test environments, and categorising their representativeness in evaluating genotypes based on the underlying objective (Yan et al., 2007) . Environment subgroup 1 comprised all environments except E10 which is the only entry in subgroup 2. E10 had a combination of the long vector and large angle with the average environment coordinate (AEC) axis and was on the opposite side of the AEC line compared to subgroup 1. Subgroup 1 caused genotypes to have some of the poorest root volume in contrast to subgroup 2. The environments in subgroup 1 had short-to medium-length vectors, but relatively smaller angles with AEC, with E6, E2 and E3, thereby having the bestrepresentativeness in that order. E2, however, appeared to be the best of the three by virtue of having the longest vector while E3 and E6 with short vectors may not elicit distinct differences between the genotypes.
Environment 10 was obviously the most discriminating of the genotypes for root volume, whilst E2 was more representative of moisture-based environment for screening of rice genotypes for root volume. Clearly, there were duplications which necessitate dropping of some of the environments to save cost, and make the experiment more efficient and analysis more concise. For instance, E1 (full moisture, applied twice weekly), E2 (full moisture applied once weekly), E4 (75% moisture applied twice weekly) and E7 (50% moisture applied twice weekly) can be used while others (E3, E5, E6, E8 and E9) can be discarded without any loss in interpretation and decision making.
Conclusion
Variable soil moisture regimes created by a combination of the amount and times of water application to rice genotypes created different moisture environments that elicited both proportional and disproportional differences in root volume, hence the significant genotype-by-environment interaction. Studied genotypes expressed differences in root volume under the different moisture conditions, and offered insight into their use for development of genotypes with a stable response to root formation, and eventual plant performance under poor soil moisture conditions. The largest root volume was recorded in the rainfed environment and declined with reducing moisture. WAB 880-9-32-1-1-12-HB (G1) had the largest root volume of 8.71 cm 3 , recorded the third best grain production, but was less stable compared to WAB 337-B-B-20-1-129 (G14) which had low root volume. AMMI analysis captured 95.1% of the total variation but did not identify any genotype as having a combination of large and stable root volume. The GGE biplot summarised 82% of the G+GE and identified WAB 880-9-32-1-1-12-HB (G1) as the best genotype for root volume in environments with adequate to limited moisture. E10 (rainfed) was very discriminatory and would be appropriate for identifying unstable genotypes while E1 (full amount of moisture for each stage, applied twice weekly), E2 (full amount of moisture for each stage, applied once weekly), E4 (75% moisture applied twice weekly) and E7 (50% moisture applied twice weekly) (all with adequate to limited moisture) were more representative of screening environments for rice root volume.
